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ABSTRACT 
III-nitride InGaN light-emitting diodes (LEDs) enable wide range of applications 
in solid-state lighting, full-color displays, and high-speed visible-light communication. 
Conventional InGaN quantum well LEDs grown on polar c-plane substrate suffer from 
quantum confined Stark effect due to the large internal polarization-related fields, leading 
to a reduced radiative recombination rate and device efficiency, which limits the 
performance of InGaN LEDs in high-speed communication applications. To circumvent 
these negative effects, non-trivial-cavity designs such as flip-chip LEDs, metallic grating 
coated LEDs are proposed. This oral defense will show the works on the high-modulation-
speed LEDs from basic ideas to applications. Fundamental principles such as rate equations 
for LEDs/laser diodes (LDs), plasmonic effects, Purcell effects will be briefly introduced. 
For applications, the modal properties of flip-chip LEDs are solved by implementing finite 
difference method in order to study the modulation response. The emission properties of 
highly polarized InGaN LEDs coated by metallic gratings are also investigated by finite 
difference time domain method.  
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CHAPTER 1 
INTRODUCTION OF HIGH SPEED LEDS BASED ON III-NITRIDE 
III-nitride InGaN light emitting diodes (LEDs) enable wide range of applications 
in solid-state lighting [1,2], full-color displays [3], and high-speed visible-light 
communication (VLC) [4]. Conventional InGaN quantum well (QW) LEDs grown on polar 
c-plane substrate, however, suffer from quantum confined Stark effect (QCSE) due to the 
large internal polarization-related fields, which leads to a reduced radiative recombination 
rate and device efficiency. Furthermore, due to the tilted QW profile induced by QCSE, c-
plane LEDs have larger carrier lifetime [5], which significantly limits their performance in 
achieving fast modulation speed for high speed communication. To circumvent these 
negative effects, novel nonpolar and semipolar InGaN LEDs have been proposed and 
demonstrated with reduced QCSE, higher efficiency, and smaller carrier lifetime [6,7]. 
Other advantageous features including high efficiency, improved performance in green 
spectral region, and polarized emission, were also reported for nonpolar and semipolar 
devices [8–18]. 
In order to achieve high modulation speed device, besides exploiting material properties, 
implementing plasmonic effect provides another way to increase the IQE. As reported in 
[19–27], the spontaneous emission coupled with surface plasmon modes could have a huge 
emission rate, such enhancement is result from the large photonic density of states of the 
surface plasmon modes, so called Purcell effect. Such physical phenomenon will be 
adequately investigated in this work. 
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This report is organized as following: in the second section, the basic ideas as well as the 
fundamentals are briefly introduced. In the third section, the modulation response of flip-
chip LEDs is investigated in detail. In fourth section, the optical properties of metallic 
grating coated highly polarized InGaN LEDs are investigated. 
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CHAPTER 2 
BACKGROUND KNOWLEDGE AND BASIC IDEAS 
Recently Purcell effect has attracted intensive investigations [19–29], various 
structures including metallic thin films [21–24], metallic gratings [25], nano antennas [19], 
photonic crystal structures [20] are implemented in order to achieve high modulation speed 
devices. In this section we introduce the background knowledge and basic idea of surface 
plasmon enhanced spontaneous emission by introducing a simple classical insulator-metal 
structure.    
2.1 Surface Plasmon 
When light is projected onto the surface of metals, the electrons on one hand are 
driven by the external electro-magnetic field, on the other hand, impacted by the Coulomb 
force from the fixed positive charges. Such dynamical effect can be described by the Drude 
model, where x the distance from electron to the positive charge and γ  the damping 
coefficient. E the external electric field. 
 +  = −eE                               (2-1) 
The solution of (2-1) is given in (2-2), where ω the angular frequency of the external 
field. 
 =                           (2-2) 
Combining with the following 
D = P +                                          (2-3) 
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P =                                                 (2-4) 
We can arrive at (2-10),  the resonance frequency. 
εω = 1 − "                                (2-10) 
Therefore, we phenomenologically describe the response of electrons to the external fields 
by introducing the frequency related dielectric function of metals. For TM modes, a two 
layer structure the field can be solved for the structure shown in fig. 2-1. In (2-11) we 
define # = $# −  # %#& . When  larger than zero, unlike traditional optics, the field 
will propagate along surface while decay along the vertical direction. 
'() = *+,-./                              (2-11a) 
-) = 0*+ +121. $+,-./                (2-11b) 
/) = −*+ ,121. ,-./                   (2-11c) 
'() = *#,-3/                            (2-11d) 
-) = 0*# +121 $#,-3/              (2-11e) 
/) = −*# ,121 ,-3/                 (2-11f) 
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Fig. 2-1 Two semi-infinite layer structures. The upper layer indicate 
dielectric material while the lower later indicates metal [37] 
 
The dispersion relation can be solved by implementing the boundary condition to (2-11) 
as shown in fig. 2-2. The density of modes is given by (2-12), it can be observed from the 
plot that near the resonance frequency the mode density is large, which will benefit the 
Purcell effect. 
4ℎ678 ∙ =:#;$#/4>ℎ678 ∙ ;     (2-12) 
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Fig. 2-2. Dispersion relation of the surface plasmon at Silver/GaN interface 
 
2.2 Rate Equation and the Modulation Behavior of LEDs/LDs 
The modulation behavior of LEDs and LDs is determined by the dynamic effect of 
carrier number and photon number inside the cavity which is described by the well-known 
rate equation model. By solving the rate equations under steady state combining with the 
small signal approach [38], the relation between 3dB bandwidth and the injection can be 
clarified.    
2.2.1 Rate Equation 
General LEDs and LDs are well described by the rate equation [38–44]: 
;? ;& = @ − AB − AC − ADE − AFG                  (2-13) 
;H ;& = ΓAB + ADE − H J&                             (2-14) 
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Where N and S are the densities of carrier and photon inside the active volume, respectively. 
J the injected carrier inside active volume, AB the spontaneous emission rate into the cavity 
mode, AC the spontaneous emission into the background, ADE the stimulated emission, AFG 
the non-radiative emission, Γ the confinement factor, J  the photon lifetime inside the 
cavity which is equal to 
K & . K is the cavity quality factor,  the central frequency of 
the cavity.  
The stimulated emission in this calculation is described by (2-15) and (2-16). Where ?EG 
the transparency carrier density, ?D the linearity parameter from [39]. In reality the gain 
parameter L is described by (2-17) considering the gain suppression. The contribution 
from H term is small in steady state solutions [39,40], when considering dynamic effect, 
however, the gain suppression has significant effect on the modulation response. Therefore, 
in this work the gain parameter is constant under steady state solution and will be 
considered when involving the dynamic effect.    
ADE = MH                                                               (2-15) 
G = LO PPQPRSPQ                                                   (2-16) 
L = T2+1U                                                                (2-17) 
In conventional LEDs and LDs, the spontaneous emission can be written as AB =
β ? JD& , AC = 1 − β ? JD& .  Where W gives the ratio between AB and the total 
spontaneous recombination rate. For the LEDs and LDs in nano-scale, the Purcell factor 
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is phenomenologically involved by writing AB into (2-18). Where F is the Purcell factor, 
given by (2-19) 
AB = βF ? JD&                                                      (2-18) 
F = YZ [\                                                                (2-19) 
By setting the time differential part to be zero, the steady state solution could be easily 
achieved [39–44]. In order to clarify the modulation behavior, dynamic effect need to be 
taken into consideration. The 3-dB bandwidth can be expressed analytically by (2-20) 
implementing small signal approach [38,39]  
]^ _` = +#Z ab# − +# # + cb# − +# ## + bd               (2-20) 
b# = +e" f7H + AB,Ph + Γ i +ejS + AC,Pk i7H + blU2k      (2-21) 
 = +ejS + AB,P + AC,P + Hf7 + Γ7h + Γ blU2                   (2-22) 
Where H and ? are the solution of photon density and carrier density under steady state. 
AB,P = ;AB ;?& , AC,P = ;AC ;?& , 7 = ;L ;?& , and 7 = − ;L ;H& . The key parameters 
in this calculation are listed in Table 1. 
 
Table 1. Key parameters in calculation 
Parameter Description Value 
Γ Confinement factor 0.1 [35, 38] 
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 Refractive index 2.5 [38] 
M Gain parameter 2400 [38] q Emission frequency 500 nm 
 Gain suppression factor 2.25 × 103+w cm3 [38] 
?EG  Transparency density 8 × 10+w cm-3 [38] 
?D  Logarithmic gain 
parameter  
- 
JD Spontaneous 
recombination time 
1 ns [35] 
JFG Non-radiative 
recombination time 
1 ns [35] 
 
2.2.2 Modulation Behavior of LEDs/LDs 
In order to compare the modulation behavior of traditional LEDs, traditional LDs 
(VECSELs) and nano LEDs. The mode volume and quality factor in (2-19) are 
phenomenologically involved in calculation. As shown in fig. 2-3(a-c), in traditional 
VECSELs, the highest modulation speed is achieved above the threshold and the 3dB 
bandwidth is near 8 GHz when the device is directly modulated. The carrier density 
clamping is clearly observed sinceAC = 1 − W ? JD& . For traditional LEDs the highest 
modulation speed is 0.64 GHz below the threshold. For nano-LEDs with plasmonic effect 
the highest modulation speed is near 10 GHz below threshold and the density clamping is 
not quite clear compared with the previous case.  
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Fig. 2-3. (a-c) The modulation response of traditional VECSEL, traditional 
LED and nano-LEDs, respectively. The threshold is defined as the point 
where the stimulated emission rate is equal to the spontaneous emission rate 
into the background modes. J=yI/qV, where y is the injection efficiency, 
I the injected current, q the elementary charge, V the volume of active 
region. 
 
Furthermore, from the results above, combining with the expression of the Purcell factor, 
the modulation speed of the LEDs can be increased by the following two methods. On one 
hand, the cavity confinement can be strengthened to reach a high quality factor Q [40], 
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while keep the mode volume at a moderate number. In this approach the spontaneous 
emission rate is enhanced, however, the photon lifetime becomes longer due to the strong 
cavity confinement, which restricted the modulation behavior of the device since it takes a 
longer time for photons to escape from the cavity. The high Q cavity can be achieved by 
implementing photonic crystal structure [45], or flip-chip LEDs [46,47].  
Another approach is to shrink the mode volume and keep Q factor at a moderate number, 
where the plasmonic effect is usually implemented to reduce wavelength of the polarition. 
Such method is widely reported in Ref. [22,23] by time resolved photolumenescent method.  
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CHAPTER 3 
FLIP-CHIP HIGH MODULATION SPEED LEDS 
One approach to achieve LEDs with high modulation speed is to fabricate so called 
flip-chip LEDs [48], in this section the modulation behavior of flip-chip LEDs are studied 
in detail. The calculated structure is shown in fig. 3-1. Theoretical studies on the 
modulation response of the flip-chip LEDs  have been reported in [46,47] by the finite 
difference time domain method, however, inside the core, TE-like modes whose energy is 
mainly confined at the core center as well as plasmonic modes (TM modes) whose energy 
confined at the metal-dielectric interface are exist at the same time. Therefore, Purcell 
factor calculated from FDTD method is contributed from different modes. In order to figure 
out which mode contributes the modulation speed most, investigation on the modulation 
behavior of different modes is required. 
3.1 Simulation Method 
In order to figure out how different mode performs in terms of modulation response, 
instead of implementing the FDTD method, the finite difference method (FDM) is used in 
this work. Since the silicon nitride and the InGaN layer are thin enough compared with the 
width and the length of the cavity coated by the metal, respectively, the calculation can be 
simplified to a 2D problem. Thus the cavity can be treated as a nanowire. The thickness of 
coated metallic layer is assumed to be infinite since the wave decay quickly in such layer. 
By solving the modes at cross-section inside the cavity shown in fig. 3-1(b) by FDM. The 
mode volume z, wavevector $G{|, ${} can be calculated with different core radius. Due 
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to the simple relation Q=$G{|/2${}, the Purcell factor can be estimated. The emission 
wavelength in this calculation is chosen to be 500 nm. 
 
Fig. 3-1. (a) Typical flip-chip LED structure (not in scale). (b) The structure 
in this calculation, the silicon nitride layer and the InGaN layer is omit. 
3.2 Results and Discussion 
The mode volume z. Quality factor K and Purcell factors are shown in shown in 
fig. 3-2. Due to the strong confinement and the metal loss, the mode inside the cavity is 
hybrid. For simplicity, for those modes whose energy is concentrated at the core region, 
we identify them as TE-like modes. For those whose energy located at the metal-dielectric 
interface, we indicate them as surface plasmon mode (TM mode). We considered the 
lowest order mode inside the cavity without coating. As it show in fig. 3-2(a), due to the 
large wavevector of TM modes. The smallest mode volume is achieved by the SP mode at 
the silver-GaN interface. For TE-like modes, the coating metal doesn’t bring much 
difference to the mode volume. The same plot for Q factor is shown in fig. 3-2(b), for SP 
modes, since the emission frequency is near the resonance frequency of the surface 
plasmon at the silver/GaN interface, the imaginary part of the wavevector is huge, leading 
to smallest Q factor, for TE-like modes, however, the GaN coated with silver performs 
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better compared with that coated with aluminum, which is consequent from the intrinsic 
metal loss. The highest Q factor is achieved from the modes without metal due to the low 
loss. Combining the result from fig 3-2. (a-b), the Purcell factor can be calculated. From 
fig. 3-2(c) it can be observed that as the core radius shrink from 600nm down to 100nm, 
on one hand, the Q factor decrease due to the loss, on the other hand, the mode volume is 
decreased due to the size-reduction. Such trade-off result in a maximum Purcell factor 
which is located near the 200 nm core radium region. The highest Purcell factor is 55 in 
this calculation, indicating a 3-dB frequency of 9 GHz when JD and JFG are assumed to be 
1 ns. The calculated dispersion relation shown in fig. 4 indicates that, comparing with the 
TM mode locates at aluminum/GaN interface, noting that the emission frequency in this 
work is near 2.48 eV, the TM mode at the silver/GaN interface has lower mode volume 
due to its large $G{| , and has lower Q factor reasoning to the large ${} , near the 
resonance.  
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Fig. 3-2. (a-c) the normalized mode volume, Q factor, Purcell factor of 
different modes at different core radius, respectively. 
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Fig. 3-3. Dispersion relation of the surface plasmon modes inside the cavity 
coated by aluminum and silver. The real part and imaginary part of 
wavevector is plot at the left Y axis and right Y axis, respectively. The 
radius of core region is 500nm in this plot. 
 
Fig 3-4. (a-b) Real part and imaginary part of the wavevector of different 
modes at different core radius. 
 
Figure 3-4 further verify the conclusions from fig. 3-3 by showing the real part and the 
imaginary part of the wavevector. For the SP modes, the core coated with silver has the 
largest wavevector, since $ = 2> q& , the mode volume of the SP mode at the silver/GaN 
interface should be smallest compare with the other modes. One the other hand, as shown 
in fig. 3-4(b), the SP mode at the silver/GaN interface has the largest imaginary part, which 
is related to loss. When the radius of the cavity decrease, for the TM modes, the loss almost 
remain to be a constant while for those TE modes with metallic coating, the loss increase 
exponentially. For the core region without coating, however, lower loss is observed since 
there’s no metal loss and the confinement is still beyond the sub-wavelength level due to 
the short wavelength and high refractive index. 
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3.3 Conclusion 
In a short conclusion, we investigate the modulation behavior of different modes. 
When size of cavity reduce, the mode volume of TE mode decrease due to the stronger 
confinement and the Q factor of the TE mode also decrease due to the increased metal 
loss. For the TM mode, however, the V and Q are almost invariant when reduce the 
radius. Furthermore, we calculate the Purcell factor, the maximum Purcell factor is 
achieved around 200nm and the estimated maximized corresponding 3-dB frequency is 9 
GHz for the fundamental mode without coating. Such conclusion might benefit the 
research on nano flip-chip LEDs. 
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CHAPTER 4 
OPTICAL PROPERTIES OF HIGHLY POLARIZED INGAN LIGHT-EMITTING 
DIODES MODIFIED BY PLASMONIC METALLIC GRATING 
In this section, the optical properties of highly polarized nonpolar and semipolar 
InGaN/GaN QW LEDs with metallic grating structure are investigated in detail using finite 
difference time domain (FDTD) method. Key parameters such as Purcell factor (FP), light 
extraction efficiency (LEE), internal quantum efficiency (IQE), external quantum 
efficiency (EQE), and modulation frequency will be studied systematically. The light 
source is simulated by classical dipoles and their orientations representing the polarized 
radiation from the QW. We find that all the optical properties are greatly impacted by the 
polarization emission coupled with SPs, and the device performance can be optimized by 
properly engineering the light polarization and metallic grating. The paper is organized as 
the following:  in section 4.1, we describe in detail about the simulation methods; in section 
4.3.1, FP is calculated with various polarization and position of dipoles; in section 4.3.2, 
we study the LEE modified by the orientations and positions of the dipole; in section 4.3.3, 
the device performance such as IQE, EQE, and modulation frequency are evaluated for the 
SPs enhanced InGaN LEDs.  
4.1 Simulation Method   
4.1.1 Theoretical Background 
In 1946, Purcell first proposed that the spontaneous emission could be enhanced by 
modifying its local electromagnetic (EM) environment [28], where FP is defined as the 
ratio of spontaneous emission rate modified by cavity and spontaneous emission rates in 
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bulk. In FDTD method, the FP is calculated by the power ratio between the emitted power 
from a classical dipole surrounded by the cavity, and power from the same dipole located 
in bulk material, which is proved to equals the emission rate ratio [29]. In our simulation 
with grating stricture, the Purcell factor FP is given by:  
                                  FP =
Rg
R0
=
Pg
P0
                                (4-1)                                                           
where  Rg the spontaneous emission rate with grating structure, R0 the spontaneous 
emission rate in bulk material without grating, and Pg and P0 are corresponding power from 
emitter inside the grating coated cavity and the emitter inside bulk material. In our study 
we implemented the 3D FDTD method (from Lumerical FDTD Solutions) to calculate the 
FP as well as the power emitted from the top surface of the emitter. In order to analyze the 
emission property in-depth, a 2D FDTD simulation (Lumerical FDTD Solutions) was also 
carried out to calculate the dispersion relation of our structure. 
The calculation of LEE is difficult because LEE is influenced not only by the metallic 
grating but also the substrate and geometry. In experiment however the LEE is usually 
measured only from the top surface of the devices. Since the purpose of our research is to 
study the coupling between the metallic grating and polarized emission, we define the 
extraction efficiency as the ratio between the emitted power measured above the metallic 
grating to the total power emitted by the dipole source inside the device, which will be 
normalized in the plots.  
Combining the FP and the LEE, we further estimate the IQE and EQE in order to study the  
impact of metallic grating on device performance. Here we define the initial IQE and EQE 
of the QW emitter as IQE0, and EQE0, the IQE and EQE with the metallic grating structure 
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as IQEg and EQEg, respectively. For the device with grating structure, the IQEg can be 
expressed a function of IQE0 and Fp:  
                                                  IQE
g
=
FP IQE0
FP IQE0 − IQE0+1                                     (4-2) 
The EQEg is the product of IQEg, LEE, and injection efficiency. In our calculation, it’s 
assumed that current is injected uniformly beneath the metal stripe, which means the 
injection efficiency should be unity under the metal strip and zero elsewhere. In section 
3.3, we first study location-dependence of IQEg and EQEg, then integrate the EQEg with 
regard to space to calculate the total EQE. Finally we discusse the modulation frequency 
of LEDs modified by the grating structure, and estimate the performance of such grating 
structure on LEDs on different crystal orientations (e.g., polar, nonpolar, and semipolar) in 
reality.  
The photon emission inside QW is represented by dipoles with different orientations. For 
those nonpolar and semipolar InGaN QW LEDs, the emission is not purely polarized along 
one direction, which is widely discussed in various literatures [10–15] by involving the 
polarization ratio 4 = O − O∥ O + O∥⁄  with different definition of O and O∥. For InGaN 
with moderate Indium composition, the light polarized vertical to the growth plane (TM 
polarized) is relatively weak compared with the in-plane polarized light (TE polarized). 
Thus light polarized vertical to the growth plane is assumed to be zero when we estimate 
the performance of InGaN LEDs grow on different planes in reality. For simplicity, in our 
estimation we only considered the polarization along the optimal direction and the 
polarization vertical to it. Results will be shown in section 3.4. The polarization ratios as 
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well as the main polarization directions of some important planes in our study are listed in 
Table 2.  
Table 2. Polarization ratios and directions of different InGaN LEDs crystal planes. 
Plane 
Polarization 
ratio 4 
Polarization 
direction 
Reference 
c-plane 0 No preference [10] 
1011 0.55 1210 [11] 
1022 0.36 1100 [12] 
2021 0.6 1210 [13] 
3031 0.56 1210 [14] 
m-plane 0.9 1210 [15] 
 
4.1.2 Set-up of the 3D Full Simulation 
The 3D simulation set-up is shown in Fig. 4-1(a). Perfectly matched layer (PML) 
boundaries are used to terminate the propagation of the EM field. The size of simulation 
region is 2.59 µm × 1 µm × 2 µm for x, y and z directions, respectively. We overlap the 
PML boundaries on y-z plane with the metal intentionally to accurately define the dielectric 
function on the PML layer. The x–z plane at the top is 200 nm above the grating structure. 
Each PML boundary has 8 layers. In order to measure the radiated power, the dipole is 
surrounded by a 12 nm × 12 nm × 12 nm small power monitor box. A power monitor is 
located 50 nm above the grating to measure the LEE at the surface. The convergence of all 
the set-ups mentioned above are rigorously tested in order to obtain accurate results with 
proper computing speed. 
22 
 
The coordinate system in our simulation is defined in Fig. 4-1(b). θ and ∅ are defined as 
the angles from TE1 and TE2 to TM oriented dipoles, respectively, and  the in-plane 
rotation angle from TE1 to TE2. For typical QWs on nonpolar/semipolar planes with high 
polarization ratios such as QWs on m-plane , θ and ∅ are equal to 0° approximately and the 
 is dependent on how we design the grating structure. While for QWs on c-plane or other 
planes with low polarization ratios, the device performance is approximated by considering 
the emission from two or more dipoles with different  and different weight factors. For 
QWs with high Indium composition or extra strains, the θ and ∅ are no longer 0° and could 
be engineered [26].   
The simulated structure is an InGaN/GaN QW coupled with a silver grating with period of 
400 nm and duty circle of 50%. The p-type layer and the width of well is 12 nm and 3 nm, 
respectively. The indium composition is chosen to emit light at wavelength of 470 nm. The 
dielectric function of InGaN and GaN can be found in Ref. [30] and [31], respectively. For 
the dielectric function of silver, we choose the built-in Palik model in the Lumerical FDTD 
solutions. The spontaneous emission is represented by radiation from a classical dipole 
source located at the center of the QW, which has a central wavelength of 470 nm with 
finite linewidth. The highly polarized radiation from QW is simulated by the dipole with 
different orientations. 
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Fig. 4-1. (a) The schematic view of GaN/InGaN QW with silver grating. 
The period of the grating is 400 nm with 50% duty circle. The dash box 
indicates the FDTD simulation region. All of the materials are homogenous 
along the z direction. (b) The schematic view for different polarizations and 
rotations studied in this work. θ is polarization angle between TE1 and TM; 
ϕ is the polarization angle between TE2 and TM; φ is the polarization 
between TE1 and TE2.  
 
4.2 Results and Discussion   
4.2.1 Purcell Factor 
In this section, we calculate light emission from dipoles with different orientations 
at different locations. The orientation of TE1, TE2, and TM dipoles are defined in Fig. 4-
2(a), where location A and C refers to the dipole located at the center of the gap and the 
center of sliver stripe, while B refers to the dipole located at the edge of the silver stripe. 
Different rotations are defined in Fig. 4-1(b). The dipole orientation is averaged in the 
theoretical calculations on the metal coated InGaN/GaN QWs [24,25], assuming that the 
FP is independent from the orientation of the dipoles within QW. However, it is reported 
in [10–18] that the emission from nonpolar/semipolar InGaN/GaN QW is strongly 
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polarized, thus when calculating the Purcell factor within highly polarized InGaN QW, the 
polarization effect should be taken into consideration. 
 
 
Fig. 2. (a) The schematic views for the TE1, TE2 oriented dipoles. Position 
A is at the center of the gap between metal strips; position B is at the edge 
of the metal strip, and position C is at the center of metal strip.  (b) FP of 
the dipoles located at A, B and C with different orientation. 0, 90 degrees 
indicate the TE1/TE2 oriented dipole and TM oriented dipole, respectively. 
(c) Disribution of FP along x axis. (d) FP of the dipoles rotate in-plane 
located at A, B and C. 
 
Figure 4-2(b) shows the FP as a function of dipole orientation. A large increasement of FP 
is observed if we increase the θ and ϕ. Such increasement of FP is also observed in structure 
with silver thin film (result not shown). With increasing θ and ϕ, the TM component of the 
radiation becomes larger. Since the SPs can be coupled with TM radiation component more 
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efficiently, higher Fp could be achieved when θ and ϕ are increased. Previous theoretical 
studies only considered the light polarization directions of InGaN LEDs to be random and 
averaged all the directions when calculating the optical properties [24,25]. This could lead 
to an overestimate of the Purcell factor (FP) since there is one dominant polarization in 
highly polarized InGaN LEDs. 
Furthermore, when the dipole is located at A and B, the distance between dipoles and the 
metal stripe increases, thus the coupling efficiency between the spontaneous emission and 
the SP modes decrease. Such observation is confirmed by Fig. 4-3(c) where we map the FP 
with different locations on x direction. As the dipole is moving towards the center of silver 
strip, the FP increases due to the increased mode coupling efficiency.  
We also studied the effect of in-plane rotation on the FP. Figure 4-2(d) shows that FP is 
almost constant when the dipole is rotating in-plane at A and C due to the invariant TM 
component. For dipoles located at B, the FP is rotation-dependent since the silver stripe is 
no longer right above the dipole geometrically.  
4.2.2 Light Extraction Efficiency (LEE) 
Since LEE has significant impact on the device performance, in this section, we simulated 
the LEE of devices with different polarized emission. The simulation configurations and 
the definitions for the locations and rotations are the same as we used in previous 
discussion. In the simulation, LEE is defined as the ratio of radiated power through metallic 
grating out of the total power emitted from the dipole. We only show the normalized LEE 
in order to give a clear relation between the polarized emission and grating structure.  
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Fig. 4-3. (a) The normalized extraction efficiency of dipoles located at A, 
B, and C with different orientation. Dipoles are rotated by changing the θ 
and ϕ. (b) The normalized extraction efficiency of the dipoles located at A, 
B with different orientations. Dipoles are rotated by changing the φ. (c) 
Mapped normalized extraction efficiency along x axis.  
 
Figure 4-3(a) shows LEE as a function of dipole orientation at position A, B and C. At 
position C, LEE is decreased with increasing dipole orientation angle ϕ or θ. With larger ϕ 
or θ, TM polarization component is dominated leading to a stronger QW-SPs coupling. 
However, radiation coupled with plasmonic modes do not contribute to the power 
extraction due to the localized electro-magnetic field, which results in the reduction of LEE. 
For dipoles located at position A, since the dipole is far away from the metal stripe, 
indicating that the plasmonic effect is relatively weaker. Therefore the extraction 
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mechanism is dictated by the reflection of light at the surface. Figure 4-3(b) shows that 
there’s a huge difference between the LEE of TE1 and TE2 oriented dipole, which is 
supposed to be contributed from the different scattering efficiency from localized SP 
modes to free propagating modes. Figure 4-3(c) further verified such deduction by showing 
the mapped LEE with the distance from A to C. At the edge of the grating (B point) the 
highest LEE is achieved by TM oriented dipole, meaning the SPs could be scattered into 
free propagating photons efficiently. By efficiently coupling the spontaneous emission to 
the SPs then efficiently scattering the SPPs out as suggested in Ref. [27], the LEE could be 
enhanced by plasmonic effect. In addition, we present the far-field patterns in Fig. 4-3(e)–
(f). The far-field patterns of TE1 and TM oriented dipoles at B point share the same feature 
which is different from the far-field pattern of TE2 oriented dipole.  
In short summary, dipoles perpendicular to the grating stripe (TE1) has higher LEE than 
dipoles parallel to the grating stripe (TE2). These results can help us to improve the LEE 
InGaN/GaN QWs based devices where the optical transitions are TE1 and/or TE2 oriented. 
Since the FP of TE1 and TE2 oriented dipoles are almost the same, by carefully designing 
the orientation of the polarized radiation from QW and the metallic grating, we are able to 
achieve a higher extraction efficiency and keep moderate FP at the same time.         
4.2.3 IQE and EQE 
In this section, we study in detail how the IQEg and EQEg of devices can be 
modified by the interaction between metallic grating and polarized emission. The 
definitions of locations and dipole rotations are the same as we used in the previous section. 
Since in our estimation it’s assumed that the carriers are only injected beneath the metal 
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stripe uniformly, we only show the IQEg and EQEg results at B and C location. Figure 4-
4(a) shows the IQEg at position B and C as a function of IQE0. IQEg at position C are higher 
than that at position B due to stronger SPs-QW coupling effects. At the same position, the 
IQE enhancement for TM polarization is larger than other polarizations, which can be 
attributed to larger FP of TM polarization as shown in Fig. 4-2(c). Although IQEg is larger 
than IQE0, the enhancement of IQE (IQEg/IQE0) is decreasing with increasing IQE0. This 
means that Purcell effect can more effectively enhance LEDs with relatively low IQE0. 
Figure 4-4(b) gives the estimated EQE at position B and C. When IQE0 is larger than 0.2 
which is almost always the case for InGaN LEDs, TE1 polarized dipole has the highest 
EQE due to its highest LEE and moderate FP. This indicates the competition between 
photonic mode (LEE) and plasmonic mode (FP) determines EQEg. To give a more accurate 
estimation of EQEg, we integrate EQEg over all the simulation and results is show in Fig. 
4-4(c). For TE1 polarized emission, the integrated EQE is two times higher than that of the 
TE2 polarization, although the FP are almost the same for these two polarization. Such 
observation is potentially important for the design of high speed LED since a high Purcell 
factor and moderate LEE is desirable in such device. Moreover, since the light radiated 
from the nonpolar/semipolar InGaN/GaN QW is strongly polarized, the orientation 
between the dipoles and the metallic gratings might have huge impacts on the EQE 
performance of these device.   
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Fig. 4-4. (a) IQE with metallic grating as a function of IQE0 at B and C. (b) 
EQE with grating structure as a function of IQE0 at A, B and C. (c) The 
integrated EQE over all space versus IQE0.       
4.2.4 Device Performance 
The modulation speed of LEDs and LDs at nanoscale is theoretically analyzed in 
Ref. [34,35]. The calculation in [35] shows that the modulation speed is almost Q 
independent due to the balancing between large FP and shrinked Lorenzian of the cavity 
mode. For QW LEDs, the highest achievable modulation speed is limited to tens of GHz 
due to the strong cavity effect. However, the Q factor of our simulated structure is relatively 
small due to the weak cavity effect, which eliminates the restraints on the modulation 
frequency. In our device structure, the Purcell effect is a result of shrinking the mode 
(a) (b) 
(c) 
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volume by the plasmonic effect, which might potentially provide another path to increasing 
modulation speed.  
For the carriers inside the QW, the lifetime modified by Purcell effect can be estimated by 
[36]: 
                                  
1
τeff
=
FP
τr
+
1
τnr
                                           (4-3)                                      
where τr , τnr  indicates the radiative recombination and non-radiative recombination 
lifetime, respectively, τeff the effective recombination lifetime. Considering the Q factor, 
the 3dB frequency can be written as [35, 36]： 
                               f
3dB
≈
1
2π
1
cτp2+τeff2                                          (4-4)                         
where τp=Q/ω0 indicates the lifetime of photons inside the cavity. For device with strong 
cavity effect, the Q factor is extremely high and the photon lifetime will restrict the 
modulation speed of device. For device with weak cavity effect (our case) , the Q factor is 
relatively small and the τp  is negligible. Using proposed approach, we estimated the 
modulation bandwidth with different dipole orientations for a nonpolar m-plane InGaN 
LEDs and the results in presented in Table 3. The carrier lifetime of nonpolar m-plane LED 
is chosen to be  τr = 0.45 ns as measured in Ref. [5] using the TRPL measurement, for the 
τnr we assumed it to be 0.5 ns as it analyzed in Ref. [36]. Since in our estimation the 
injection is only distributed beneath the metal stripe, we only averaged the Purcell factor 
inside the region where the carriers are injected. For m-plane InGaN/GaN device, a 5.4 
GHz modulation speed is achievable if the grating and the growth plane is carefully 
oriented.  
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Table 3. Device Performance of InGaN LEDs with different polarization emission 
 
Dipole 
orientation 
Purcell factor Normalized EQE 
Bandwidth 
(GHz) 
TM 26.4 0.54 10.0 
TE1 14.4 1.00 5.4 
TE2 14.5 0.88 5.5 
 
As shown in Table 2 in the previous section, the polarization ratios are not unity in nonpolar 
and semipolar QWs. Thus the emission cannot be totally polarized at the optimal direction. 
For different important planes the achievable normalized EQE is listed below in Table 4. 
It’s quit intuitive that with a large polarization ratio, more emissions could be efficiently 
polarized at the TE1 direction where highest EQE is observed, leading to better overall 
device performance. Therefore the m-plane performs better compared with other important 
planes since it has large polarization ratio. 
Table 4. Device Performance of InGaN LEDs with different growth planes 
 
Plane Estimated normalized EQE 
c-plane 0.72 
1011 0.89 
1022 0.82 
2021 0.90 
3031 0.89 
m-plane 0.97 
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4.3 Conclusion 
We simulate the Purcell factor FP, LEE, IQE, EQE and modulation frequency of 
InGaN/GaN QWs LEDs coupled with silver grating which not only supports the plasmonic 
mode but also enables electrical injection. Results indicate that QW-SPs coupling strongly 
impacts highly-polarized emission from InGaN QW and further the device performance. 
First of all, TM polarization has largest FP and smaller LEE compared with TE 
polarization. This is because FP is dominated by plasmonic mode with non-radiative 
property, while LEE is mainly determined by radiative nature of photonic mode. Second, 
the distance between SPs and dipole also impacts FP and LEE. By moving the dipole away 
from grating, the coupling becomes weak (smaller FP) while LEE is increased for TE 
polarized dipoles. This is due to the competition between plasmonic mode and photonic 
mode. At the edge of the grating, however, the highest LEE is achieved by TM polarized 
dipoles due to the efficient scattering process which extract the energy from plasmonic 
modes to free propagating modes. Third, the in-plane polarization (TE1 and TE2) shows 
minimum change in FP while LEE highly depends on the position of dipole. And TE1 
polarization shows higher LEE than TE2 polarization, which means TE1 polarization are 
more efficient emitter with higher EQE. Such observation might potentially guide the 
design of highly polarized InGaN QWs for high speed LEDs which are dominated by TE 
polarization. In this calculation, the achievable modulation speed is 5.4 GHz. The estimated 
EQE of different nonpolar and semipolar planes shows that the highest EQE is achieved 
by InGaN QW grow on m-plane due to its large polarization ratio among the important 
planes. Our further investigation will try to increase the modulation frequency through 
structure optimization.  
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CHAPTER 5 
CONCLUSION AND PROSPECT 
In this work, at first, the rate equation and the modulation behavior of traditional 
LD (VECSEL), traditional LED and nano LEDs. The rate equation reveals that the high Q 
factor on one hand, enhance the spontaneous emission rate, on the other hand, however, 
will trap the photon inside the cavity, leading to longer photon lifetime, which degrades 
the modulation behavior. For the mode volume, it’s estimated that the smaller the mode 
volume, the higher the Purcell factor, leading to faster modulation response, however, 
shrinking the mode volume leading high loss.  
For typical LED structures, operating TE modes inside metallic cavity or traditional 
cavities provides high Q factor, while operate the surface plasmon modes at the metal/GaN 
interface gives small mode volume, for metal coated flip-chip LEDs, both mode contributes 
to the modulation response. In order to figure out how different mode behaves, FDM is 
implemented to analyze the modulation properties of different modes. The results show 
that the cavity without coating perform better for two reason. First of all the strong material 
loss of metal in the visible range degrades the Q factor of TE modes, secondly, the emission 
frequency is near the resonance frequency of the surface plasmon at silver/GaN interface, 
leading to large imaginary part of the wavevector, thus the loss the extremely high for the 
TM mode in silver coated cavity. 
Besides the flip-chip LEDs, the traditional LEDs coated by metallic gratings are also 
investigated. Due to the split of light hole and heavy hole band, the emission from non-
polar or semi-polar InGaN/GaN QWs is highly polarized. This work shows that the grating 
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structure has great impact on the device performance when the emission is highly polarized, 
and gives the optimized plane with highest EQE. 
All in all, this work provides valuable information for the III-nitride society for the high 
speed LED design. Further experimental study is required to realize good performance 
LEDs. 
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